Abstract. The epidermis is highly sensitive to retinoids, and vitamin A (retinol) is a critical factor in the regulation of skin cell differentiation and proliferation. Despite extensive knowledge of retinoid-mediated gene transcription effects on epidermal cells and evidence for retinoid-mediated suppression of carcinogenesis in skin, basic transport events, especially cellular uptake, of this vitamin remain poorly understood and controversial. Herein, evidence is presented for receptormediated uptake of retinol-binding protein, RBP, the specific circulatory vitamin A carrier, in the A431 human epidermal cell line. Cellular RBP uptake was significantly inhibited by anti-RBP IgG. Addition of transthyretin (TTR), a circulatory protein that can interact with RBP, to the internalization assay also significantly reduced RBP uptake to 49.4±4.6% (± SEM) of control values (p<0.01). RBP uptake was impaired by sucrose, a known inhibitor of early endocytosis, but not significantly affected by a disruptor of later trafficking events, chlorpromazine. Binding analysis indicated saturable RBP binding to the cell surface and a total of about 94,000 binding sites/cell. Based on dissociation constants, two RBP binding sites were detected with a 50-fold affinity difference: 0.7 and 35.0 nM, with 12,000 and 82,000 receptors/cell, respectively. These results indicate that high affinity RBP receptors capable of internalizing RBP independently of TTR exist in these malignant keratinocytes, and that TTR influences binding of RBP to its putative receptor(s). Overall, the data establish membrane transport parameters for RBP, and provide a basis for examining modulation of vitamin A endocytosis that may accompany changes in proliferation or differentiation state of epidermal cells.
Introduction
Biologically active derivatives of vitamin A (retinol) such as 9-cis and all-trans-retinoic acid are involved in a wide range of physiological regulatory processes. At the molecular and cellular level, this regulation involves control of cell proliferation and differentiation through retinoid-dependent effects on gene expression (reviewed in refs. [1] [2] [3] [4] . These effects are critical for maintaining skin health and suppressing carcinogenesis in skin (1, 2, (4) (5) (6) . Despite extensive knowledge of various retinoid-dependent gene expression effects in epidermal and other cell types, however, much less is known about retinoid transport events at the cell membrane; and endocytosis of circulatory vitamin A carrier proteins by epidermal cells or epidermoid cancer cells remains poorly understood and controversial (see below).
A specific extracellular transport system for retinol exists in humans and other vertebrates and is mediated by the circulatory retinol-binding protein (RBP) (reviewed in refs. 3, 7, 8) . This protein, of about 20 kDa, is a member of the lipocalin protein family. A fraction of RBP in the circulation is found associated with a homotetrameric protein, transthyretin (TTR) (reviewed in refs. 3, 7, 8) . TTR is also one of the circulatory carries of thyroid hormones. The retinol-RBP-TTR and retinol-RBP complexes are the specific human circulatory retinol transport complexes (less specific transporters such as albumin and lipoproteins can also carry some forms of vitamin A) (reviewed in refs. 3, 7, 8) .
The possible roles of RBP and TTR in mediating cellular retinol uptake are not well defined. There is controversy regarding cell membrane receptors for RBP or TTR and receptor-independent cellular uptake mechanisms for this vitamin. In several tissues and cell types, cell membrane receptors for RBP or TTR have been reported based on binding studies, and both are candidates for mediating the endocytosis of retinol (reviewed in ref. 3 ; see Discussion for additional references). A controversy exists regarding cell surface RBP receptors in keratinocytes. There is evidence both for (9, 10) and against (11, 12) the existence of such receptors.
In the present study, we provide evidence for an RBP receptor in A431 cells, a human cutaneous squamous cell carcinoma cell line. We characterize several basic transport parameters including affinity of the receptor-ligand interaction, number of cell surface binding sites, and sensitivity to inhibition by several endocytic transport modulators. Furthermore, our data suggest that these cells can internalize RBP independent of the interaction with TTR.
Materials and methods

Materials and preparation of biotinylated protein.
Transferrin (Tf), transthyretin (TTR), retinol-binding protein (RBP), sucrose, all-trans-retinoic acid (RA), avidin, and horse heart cytochrome c, were obtained from Sigma-Aldrich. Anti-cytochrome c monoclonal antibody was obtained from Spectral Diagnostics, anti-RBP monoclonal IgG from BD Biosciences, and anti-mouse IgG-peroxidase (HRP) conjugate was obtained from Santa Cruz Biotechnology. The malignant keratinocytes, human epidermoid squamous carcinoma cells (A431 cell line) were obtained from ATCC and cultured according to the supplier's recommendations (see also below). The sources of other materials are given below.
The biotinylation reagent, N-hydroxy-succinimido-biotin (Sigma) was dissolved in dimethylformamide at 6 mg/ml. For labelling, purified human RBP was dissolved in PBS (phosphate-buffered saline, pH 7.4) at 2.5 mg/ml. The biotinylation reaction was performed in PBS by incubation for 1 h at room temperature at a 10:1 molar ratio of biotinylation reagent to protein; Tris-buffer (1 mM final concentration) was subsequently added and the biotin-protein conjugate was aliquoted and stored at -70˚C.
Cell internalization assay. Human epidermoid squamous carcinoma cells (A431 cell line) were maintained in DMEM (Gibco) supplemented with 10% FBS (Sigma-Aldrich) in a humidified incubator (VMR), 5% CO 2 , 37˚C. Cells were grown to a confluency of approximately 80-90%, and then incubated overnight in serum-free medium. They were then gently rinsed in 37˚C PBS, and incubated 1 h at 37˚C in SPB solution (1:1 volume ratio of PBS containing 0.2% bovine serum albumin: serum-free medium). At various times during this incubation, biochemical reagents were added (given below and in Figure  legends) followed by the addition of biotinylated RBP. Endocytosis of biotin-RBP was allowed to occur for a period of 10 min at 37˚C. After biotin-RBP internalization, cells were washed 3 times with acidic buffer, 25 mM acetic acid and 100 mM NaCl, pH 3.0, followed by neutralization with SPB, and lysis with ST buffer at 37˚C (1% Triton X-100, 0.1% SDS in 1 mM EDTA, 50 mM NaCl and 10 mM Tris-HCl). Internalized biotinylated-protein was measured by ELISA (see below).
In some cases (see also Figures), pretreatment of the cells were performed before addition of biotin-RBP: 400 mM sucrose (Sigma-Aldrich) for 30 min, or 28 μM chlorpromazine (Pouleuc) for 1 h, or 1 μM all-trans-retinoic acid (SigmaAldrich) for 1 h.
Surface binding assay of biotin-RBP. Attached cells, 1.1x10 6 per 3.5-cm cell culture dish, were incubated overnight with serum-free medium and then gently washed twice in ice-cold PBS and once in ice-cold SPB (see above). Biotinylated protein suspended in ice-cold SPB buffer was added to the cells on ice and incubated for 4 h at 4˚C. To control for nonspecific binding, a 100 molar excess of non-biotinylated RBP was included in the incubation with the biotin-RBP. Cells were then washed with ice-cold SPB solution, and lysed with ST blocking buffer as above with the internalization assay. The cell lysate was then analyzed by ELISA.
ELISA. Avidin-coated wells (96-well Nunc-immuno plates)
were prepared by addition of 50 μg/ml avidin in 50 mM sodium bicarbonate buffer, pH 9.6 and incubation overnight at 4˚C. Wells were then rinsed with PBS, ST buffer, and PBS again.
Cell lysates from surface binding assays or internalization assays were loaded into the wells and incubated for 2.5 h at 4˚C. After rinsing with PBS/ST buffer/PBS, primary antibody was added into the wells and incubated for 2.5 h; this was followed by rinsing and addition of secondary antibody-HRP conjugate with another 2.5-h incubation. Wells were washed with PBS, ST buffer, and PBS again. Peroxidase activity was assayed colorimetrically using 0.4 mg/ml o-phenylenediamine-dihydrochloride (OPG, Sigma-Aldrich) and 0.02% hydrogen peroxide in 50 mM Na 2 PO 4 and 30 mM sodium citrate, pH 5.0. Color reactions were stopped with 4 N sulfuric acid. Absorbance at 495 (with A 630 subtracted) was measured (Statfax-2100 ELISA plate reader).
Statistics. Results are presented as the group mean ± standard error of the mean (SEM) for each experimental group, unless noted otherwise. The number of measurements, represented by n, is given in figure legends. Comparison between means for the main variables and controls (see figures) was performed by two-tailed t-tests. Three p-value levels are indicated for statistical significance: * p=0.05-0.02, ** p=0.01-0.002, and *** p<0.001.
Results
Sucrose, but not chlorpromazine, significantly inhibits biotin-RBP uptake by A431 cells. High sucrose concentration (400 mM), a known inhibitor of early, clathrin-mediated endocytosis, is shown in Fig. 1 to strongly inhibit RBP uptake by A431 cells during a 10-min incubation at 37˚C. Chlorpromazine, a known inhibitor of later endocytic events (see Discussion and Fig. 5 ), does not result in a significant inhibition under these early endocytic assay parameters (Fig. 1) . In testing various biochemical reagents for their effects on endocytosis, we noted that retinoic acid (RA) could also potently inhibit RBP uptake by A431 cells; Fig. 3 shows, on a relative scale, that RA (1 μM) is slightly more potent at inhibiting RBP uptake than the sucrose treatment.
TTR and anti-RBP IgG both significantly inhibit biotin-RBP uptake by A431 cells. Two RBP-interacting proteins, TTR and an anti-RBP monoclonal antibody, are shown in Fig. 2 to strongly inhibit RBP uptake by A431 cells at the indicated molar ratios. Fig. 3 provides a summary of relative potencies for the tested RBP endocytosis inhibitors. At a 1:1 molar ratio with RBP, TTR is significantly more potent at inhibiting RBP uptake than two control proteins: transferrin, a circulatory protein, and cytochrome c, an intracellular protein; TTR is about 1.3 and 1.5 times more potent than transferrin or cytochrome c, respectively. Likewise, for the same ratio with RBP, anti-RBP IgG is about 1.7 times more potent than a control IgG (anti-cytochrome c monoclonal antibody) at inhibiting early RBP endocytosis (Fig. 3) .
RBP exhibits saturable, high affinity binding to A431 cells with about 9.4x10
4 binding sites/cell. Specific, saturable binding of RBP to A431 cells is shown in Fig. 4A . Upon Scatchard analysis of the binding data (Fig. 4B) , the presence of two binding sites with different affinities for RBP is revealed. There are about 12,000 higher affinity sites with kd = 0.7 nM, and 82,000 lower affinity sites with kd = 35 nM, per cell (Fig. 4B) .
Discussion
In this report, the first characterization of RBP transport into A431 epidermoid cells is provided; a putative receptormediated endocytotic process is described (schematic shown in In addition, two non-protein reagents, sucrose (suc; 400 mM) and all-trans-retinoic acid (RA; 1 μM) were tested as pretreatments (see Materials and methods and Fig. 1 ). The relative effects of these reagents on early RBP internalization are shown in the figure as ratios. Thus, aRBP IgG was about 1.7-fold, more potent than control IgG at inhibiting RBP endocytosis; and, likewise, TTR was about 1.3-fold more potent than Tf (a circulatory protein control) and about 1.5-fold more potent than cytochrome c (an intracellular protein control). Although suc significantly inhibits RBP endocytosis (Fig. 1) , our results reveal that suc is less potent (about 0.9 times) than RA (see also Results and Discussion). is likely to be a critical process in epidermal cell growth and differentiation, and in moderating the risk of epidermal carcinogenesis (1,2,4-6).
The results indicate the presence of two high affinity (kd's of about 1 and 35 nM) binding sites for RBP with a total of about 9.4x10 4 binding sites per A431 cell. Previous studies with other cell types and membrane preparations (including lipocytes, macrophages, retinal pigment epithelium, hepatocytes, placenta, and visceral yolk sac) have documented both single and double binding sites on cells with an overall kd range of 2-234 nM (13) (14) (15) (16) (17) ; the higher affinity sites reported in these studies have dissociation constants under 50 nM, a result compatible with our two high affinity sites.
Circulatory RBP, including the holo protein, can exist in free form or complexed with TTR (18) (19) (20) (21) (22) . Our results indicate that addition of TTR greatly diminishes (by about 50%) the amount of RBP endocytosed by the A431 cells (Figs. 2 and 3) . A similar reduction in RBP-mediated vitamin A delivery has been observed with macrophages upon addition of TTR (17) . TTR likely reduces RBP binding to a putative cell surface receptor either by blocking a receptor binding site on the RBP (shown schematically in Fig. 5 ) or by inducing a conformational change in RBP structure that lowers its affinity for the receptor (7, 23) . The transport mechanism that we have characterized is likely sensitive to the different RBP forms that exist in the circulation; and specifically, a free RBP form is proposed to be the primary agent for this suggested vitamin A delivery mechanism. TTR complex formation, thus, could serve in this context to prevent excessive RBPdependent delivery of vitamin A. Retinoids are known to provide a strong growth stimulus for keratinocytes in vivo (reviewed in ref. 4) . It is also of interest to note in this regard that a dermotoxic environmental toxin, the dioxin TCDD, can greatly increase the TTR-free, holo-RBP fraction in rat serum (ref. 24 and references therein).
The RBP endocytic process examined in this study was sensitive to sucrose but not chlorpromazine. Sucrose, at the high concentrations used in this study, is a known inhibitor of early clathrin-mediated endocytosis (25, 26) . Chlorpromazine has been shown to inhibit later endocytic trafficking events such as early-to-late-endosome transport (26, 27) . Our results indicate that we are indeed measuring early endocytic transport events in our assay (10 min, 37˚C), and later events do not significantly contribute to the measured accumulation of RBP in the cells. We report also a strong inhibitory effect of all trans RA on RBP endocytosis. Although further investigation is required to delineate the mechanism for the RA effect, we suggest that one possibility is that RA binds to RBP (28) and affects interaction with the putative receptor; interestingly, in the context of TTR and RA inhibition of RBP endocytosis, RA binding influences a region on the RBP surface that is also involved in TTR binding (29) . An alternative possibility for the RA influence on RBP endocytic transport is RAdependent biophysical membrane changes at the cell surface (30, 31) ; in the context of cellular transport, for example, it has been reported that 9-cis RA can affect the process of phagocytosis (32) .
In conclusion, a specific transport mechanism for the circulatory vitamin A carrier protein, RBP, has been identified and characterized in the A431 human epidermal cell line. This transport mechanism provides a basis for future experiments to determine if endocytic transport parameters are influenced by factors that affect normal epidermal physiology and pathology. Such factors include vitamin A deficiency and excess, and the proliferation and transformation state of cells. 
